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Abstract

The San Roman strain of the southern cattle tick, Boophilus microplus, collected from Mexico was previously reported to
have a high level of resistance to the organophosphate acaricide coumaphos. An oxidative detoxification mechanism was
suspected to contribute to coumaphos resistance in this tick strain, as coumaphos bioassay with piperonyl butoxide (PBO)
on larvae of this resistant strain resulted in enhanced coumaphos toxicity, while coumaphos assays with PBO resulted in
reduced toxicity of coumaphos in a susceptible reference strain. In this study, we further analyzed the mechanism of oxi-
dative metabolic detoxification with synergist bioassays of coroxon, the toxic metabolite of coumaphos, and the mecha-
nism of target-site insensitivity with acetylcholinesterase (AChE) inhibition kinetics assays. Bioassays of coroxon with
PBO resulted in synergism of coroxon toxicity in both the San Roman and the susceptible reference strains. The synergism
ratio of PBO on coroxon in the resistant strain was 4.5 times that of the susceptible strain. The results suggested that the
cytP450-based metabolic detoxification existed in both resistant and susceptible strains, but its activity was significantly
enhanced in the resistant strain. Comparisons of AChE activity and inhibition kinetics by coroxon in both susceptible
and resistant strains revealed that the resistant San Roman strain had an insensitive AChE, with a reduced phosphorylation
rate, resulting in a reduced bimolecular reaction constant. These data indicate a mechanism of coumaphos resistance in the
San Roman strain that involves both insensitive AChE and enhanced cytP450-based metabolic detoxification.
Published by Elsevier Inc.
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many tropical and subtropical regions of the
world, and a vector of Babesia bovis and B. bigem-
ina, the causative protozoan agents of bovine bab-
esisosis [1]. An intensive national cattle tick
eradication campaign was initiated in 1906 to elim-
inate B. microplus along with the cattle tick Booph-
ilus annulatus (Say) from the US through
quarantine, systematic acaricide treatment of in-
fested animals, and pasture vacation [2]. B. micro-
plus  was successfully eradicated from the
continental US in 1961, except in a few counties
in south Texas along the US-Mexican border
[2,3]. Coumaphos (CoRal), an organophosphate
(OP) acaricide, has been used in the United States
since 1968, exclusively in recent years, by the
USDA, US Cattle Fever Tick Eradication Pro-
gram (CFTEP) to prevent the reintroduction of
Boophilus ticks from Mexico through the importa-
tion of cattle [2,4]. Coumaphos is also used to
eradicate infestation of Boophilus ticks established
in south Texas when tick-infested cattle, horse and
ungulate wildlife from Mexico cross the Rio
Grande river into a quarantined area regulated
by the CFTEP.

Boophilus microplus is a one-host tick known to
have the capacity to develop resistance to various
acaricides [5-7]. Due to its high toxicity to ticks
and low toxicity to cattle, coumaphos is the only
acaricide registered for use in the importation dip-
ping vats and to eradicate Boophilus tick outbreaks
in south Texas, thus playing a pivotal role in pre-
venting B. microplus along with B. annulatus from
reinfesting the US [6]. The development of resis-
tance to coumaphos and other OP acaricides in
Mexican strains of B. microplus poses a major
threat to the continued success of the CFTEP
[5,8,9]. To develop new tick eradication and con-
trol strategies to overcome the acaricide resistance
problem, it is critical to understand the mecha-
nisms involved in resistance. Elucidation of resis-
tance mechanisms to OPs, particularly to
coumaphos in B. microplus from Mexico would
also have great value in the development of rapid
molecular and biochemical resistance detection
techniques.

Li et al. [6] determined the levels of resistance
to coumaphos in various strains of B. microplus
collected from Mexico using a slightly modified

version of the Food and Agriculture Organization
(FAOQO)’s larval packet test (LPT). The San Roman
strain was found to be the most resistant strain,
with a resistance ratio at 10.1. Results of synergist
bioassays suggest the existence of an oxidative
detoxification mechanism in several OP-resistant
tick strains, including the San Roman strain [6].
However, the details of such oxidative detoxifica-
tion mechanism in B. microplus remain unclear.
OPs act by inhibiting acetylcholinesterase (AChE),
the key enzyme for nervous system function in
arthropods [10]. It has been demonstrated in in-
sects that insensitive AChE is a major mechanism
of resistance to OPs [11]. Insensitive AChE as a
mechanism of resistance to OPs in B. microplus
was first suggested by Lee and Bantham [12], and
was later reported in the OP-resistant Tuxpan
strain of B. microplus from Mexico [13]. Insensitive
AChE mechanism in B. microplus was also con-
firmed in a recent study by Pruett [14] in more tick
strains from Mexico, including the San Roman
strain. The diethyl-OP paraoxon was used as a
substrate of AChE in this study. Since coumaphos
is a major OP acaricide used for tick control in
Mexico, the biochemical mechanisms of couma-
phos resistance in ticks from Mexico can be better
characterized by testing metabolic detoxification
of coroxon, the active metabolite of coumaphos,
and by using coroxon as the substrate of AChE
in enzyme inhibition study.

This paper reports the results of coroxon syner-
gist bioassays and inhibition kinetics of AChE by
coroxon that further analyze the mechanisms of
oxidative metabolic detoxification and target-site
insensitivity for coumaphos resistance in the San
Roman strain of B. microplus.

2. Materials and methods
2.1. Tick strains

Two strains of B. microplus were used in this
study. The coumaphos-resistant San Roman strain
was collected from a ranch near Champoton,
Campeche, Mexico in August of 1998. The Gonz-
alez strain was obtained from an outbreak of ticks
in Zapata County, Texas in 1994. The Gonzalez
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strain was determined to be susceptible to all ma-
jor classes of acaricides, and therefore, was used
as a reference strain. Both strains have been main-
tained on cattle at the USDA ARS Cattle Fever
Tick Research Laboratory (CFTRL) in Mission,
Texas since their collection. The procedures for
rearing ticks on bovine hosts and maintaining
the non-parasitic stages in the laboratory were de-
scribed elsewhere [15]. In comparison to the sus-
ceptible reference tick strain, the San Roman
strain had an 8-fold resistance upon arrival at
CFTRL, and has been challenged with 0.2-0.4%
coumaphos in the following generations to in-
crease and maintain resistance.

2.2. Chemicals

Technical grade coumaphos (97.4% a.i.) was
obtained from BayVet (Shawnee, KS). Technical
grade coroxon (99.5% a.i.) was obtained from
the repository of the US Environmental Protection
Agency (Atlanta, GA). Piperonyl butoxide (PBO),
an inhibitor of cytochrome P450s (cytP450s), was
purchased from Aldrich, (Milwaukee, WI). Tri-
chloroethylene and olive oil were purchased from
Sigma (St. Louis, MO).

2.3. Bioassay

Toxicity of coumaphos and coroxon and the ef-
fect of PBO on the toxicity of those two com-
pounds in both the Gonzalez and the San
Roman strains were determined by the FAO larval
packet test described elsewhere [6,16]. Briefly, tech-
nical grade coumaphos or coroxon was dissolved
in trichloroethylene to make a stock solution,
which was then diluted to generate a top dose in
diluent containing two parts of trichloroethylene
and one part of olive oil. The top dose was serially
diluted to generate at least five testing doses. PBO
was added at a constant rate of 1% to coumaphos
or coroxon dilutions to test its synergistic effect. A
Whatman #1 filter paper (7.5 X 9.0 cm; Whatman,
Maidstone, Kent, UK) was treated with 1 ml test-
ing solution, and the solvent was allowed to evap-
orate for 2 h before being folded into a packet.
Approximately one hundred 12- to 16-day-old lar-
vae were added into each packet and the sides of

the packet were sealed with bulldog clips. Three
replicates were prepared for each dose. The pack-
ets were placed in an environmental chamber
(27 °C, 90% RH, photoperiod = 12:12L:D) for
24 h before the numbers of live and dead larvae
were counted.

2.4. Enzyme extraction

Enzyme extracts were prepared by grinding, in
a glass homogenizer, 0.1 g of 14-day-old tick lar-
vae of both the Gonzalez (generation 30) and the
San Roman (generation 18) strains in 1 ml of tick
extraction buffer (TEB; 10 mM NaPO,4, pH 6.5,
containing 20% sucrose, 1 mM EDTA, and 0.5%
Triton X-100). Enzyme was extracted for 2 h at
4 °C with gentle agitation. Homogenates were cen-
trifuged (Hermle Z 360 K) at 14,400g for 15 min at
4 °C and the solubilized proteins collected in the
supernatant. The protein concentration of each ex-
tract was determined with a micro-BCA method
using bovine serum albumin as a standard (Pierce,
Rockford, IL).

2.5. Determination of AChE kinetic parameters

A modified Ellman assay [17], conducted in
microplates, was used to measure AChE activity
by determining the maximum velocity (V,.x) and
the Michaelis constant (K,,) for each tick extract
[14]. Briefly, 16 pl containing 20 pg of extracted
tick proteins (six replicates) was added to 200 pl
of 50 mM sodium phosphate buffer, pH 7.5, con-
taining the substrate acetylthiocholine iodide
(ASCh, in double dilutions from 120x107¢ to
3.75x10°°M) and 0.32M Ellman’s reagent
(5,5’-dithio-bis)2-nitrobenzoic acid; DTNB, Sigma
Chemical, St. Louis, MO). Kinetic constants (¥ ax
and K,,) were calculated with a rigorous nonlinear
least squares method (Enzyme Kinetics Pro,
ChemSW Software) with the mean initial velocity
(Vo) £ SD of replicates for each substrate
concentration.

2.6. Coroxon inhibition of AChE activity

A modification of the methods of Chen et al.
[18] was used to measure the kinetic parameters



148 A.Y. Li et al. | Pesticide Biochemistry and Physiology 81 (2005) 145-153

of AChE inhibition by coroxon, the oxon form of
coumaphous. The rate of AChE inhibition was
measured in the presence of 1.2x107*M ASCh
according to the modified Ellman assay described
above with 20 pg of enzyme extract (six replicates),
and coroxon concentrations of 3.5x107°,
3.0x 1073, 2.5% 107>, 2.0x 107>, 1.5x 107>, and
1.0x 10> M for the San Roman extracted AChE
and  20x107°,  15x107°, 1.25x107,
1.0x 107>, 0.75x 107>, and 0.5x 10> M for the
Gonzalez extracted AChE. The progressive inhibi-
tion of AChE at each concentration of coroxon
was monitored over time (12 min, readings at
2 min intervals) as described by Pruett [14] as a
modification of the method of Chen et al. [18],
and the percent residual AChE activity relative
to an uninhibited control was calculated. The
bimolecular reaction constant (k;), the dissociation
constant (Ky), and the phosphorylation constant
(k»), were calculated according to the method de-
scribed by Pruett [14] as a modification of the
method of Chen et al. [18].

2.7. Data analysis

POLO-PC [19] was used to analyze dose-mor-
tality response of all bioassays to generate probit
regression data. Resistance ratio (RR) to couma-
phos or coroxon of the San Roman strain was cal-
culated relative to the Gonzalez strain, and PBO

Table 1

synergism ratio (SR) was calculated relative to
the bioassay containing only coumaphos or coro-
xon for the same strain. RRs and SRs were calcu-
lated using the method of Robertson and Preisler
[20] for non-parallel probit lines. Statistical analy-
ses of the kinetic parameters were made with the
Student’s ¢ test if the data were normally distrib-
uted or with the Mann—Whitney rank sum test if
the data failed a test of normality (SigmaStat soft-
ware [21]).

3. Results

3.1. Effects of PBO on coumaphos and coroxon
toxicity

The results of probit analysis of dose-mortality
responses of the Gonzalez and San Roman strains
of B. microplus to coumaphos and coroxon, with
and without PBO, are summarized in Table 1. In
comparison to the susceptible Gonzalez strain,
the San Roman strain demonstrated a 10.09-fold
resistance to coumaphos and a 22.60-fold resis-
tance to coroxon. PBO had opposite effects on
coumaphos toxicity in the resistant (San Roman)
and susceptible (Gonzalez) strains. PBO syner-
gized coumaphos toxicity in coumaphos-resistant
San Roman strain (SR = 3.08), while it inhibited
coumaphos toxicity in the susceptible Gonzalez

Summary of dose-mortality responses to coumaphos and coroxon with and without PBO in susceptible and resistant strains of

B. microplus®

n Slope (SE) LCso (95% CI)° RRC (95% CI) SRY (95% CI)
Gonzalez
Coumaphos 2248 9.88 (0.81) 0.08236 (0.07083-0.08944)
Coumaphos + PBO 1747 7.87 (0.36) 0.11106 (0.10210-0.12245) 0.74 (0.71-0.77)
Coroxon 2093 3.83 (0.16) 0.00180 (0.00154-0.00217)
Coroxon + PBO 2600 6.38 (0.39) 0.00057 (0.00049-0.00063) 3.18 (2.98-3.39)
Sam Roman
Coumaphos 1861 7.09 (0.35) 0.82716 (0.77976-0.87325) 10.09 (9.68-10.52)
Coumaphos + PBO 2586 5.22 (0.20) 0.26774 (0.24060-0.29568) 3.08 (2.96-3.23)
Coroxon 1452 9.90 (0.53) 0.04071 (0.03744-0.04412) 22.60 (21.40-23.86)
Coroxon + PBO 2060 3.86 (0.20) 0.00286 (0.00237-0.00326) 14.26 (13.37-15.20)

# Results of coumaphos bioassays have appeared previously in Li et al. [6].

b CI, confidence interval. All values are % a.i.
¢ RR, resistance ratio.
4 SR, synergism ratio.
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Fig. 1. Comparisons of effect of PBO on toxicity of coumaphos
(A) and coroxon (B) in a coumaphos-resistant (San Roman)
strain and a susceptible (Gonzalez) reference strain. Each data
point represents the mean of three replicates.

strain (SR =0.74; Table 1, Fig. 1A). PBO syner-
gized coroxon toxicity in both the Gonzalez and
the San Roman strains with SRs of 3.18 and
14.26, respectively (Table 1; Fig. 1B).

3.2. AChE activity and inhibition kinetics

The V. value of the San Roman strain AChE
(Vinax = 0.67 x 10~* mol/min/mg larval protein)
was not statistically different from that of the
Gonzalez strain AChE (V. = 1.06 x 10~* mol/
min/mg larval protein) (r=1.92, df=10,
P =0.084). However, the K, value for the San

Roman strain AChE (K, = 8.40 x 107° M) was
significantly lower than the K, for the Gonzalez
strain  AChE (K., = 13.96x 107°M; r=15.25,
df =10, P =0.001), indicating an increased affinity
of San Roman AChE for the substrate. Insensitiv-
ity of the San Roman strain AChE to coroxon inhi-
bition was demonstrated in the measurement of
experimentally determined parameters of inhibi-
tion kinetics. The San Roman strain AChE exhib-
ited a greater affinity for coroxon as evidenced by
a lower dissociation constant (Ky) value (med-
jan = 7.65x 107 M) than that of the Gonzalez
AChE  (median = 13.08 x 10°°M;  r=122.0,
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Fig. 2. Results of AChE inhibition kinetics. (A) Comparison of
change of % AChE residual activity over time between the San
Roman and Gonzalez strains. A constant coroxon concentra-
tion of 2.0 x 107> molar was used for this test. (B) Comparison
of % AChE inhibition of by various concentration of coroxon
at 4 min between the San Roman and Gonzalez strains. Each
data point represents the mean of six replicates.
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df =6, P =0.004). The rate of AChE phosphoryla-
tion by coroxon, as measured by the phosphoryla-
tion constant, was significantly slower for San
Roman (median k, = 0.804 min~') than that of
the Gonzalez AChE (median k&, =2.34 min~!;
t=21.0, df =6, P=0.002). The slower rate of
phosphorylation by the San Roman AChE resulted
in a significantly lower value for the bimolecular
reaction constant (k;=1.03x 107> M ' min~")
than that obtained for the Gonzalez AChE
(ki=1.76x 10> M 'min~'; r = —31.27, df = 10,
P <0.001).

The slower inhibition rate for San Roman
AChE is illustrated in Fig. 2. The time to 50% inhi-
bition of AChE activity in the presence of
2.0x 107> M coroxon was shorter for the Gonz-
alez strain AChE (3.45 min) and longer for the
San Roman strain AChE (7.05 min, Fig. 2A).
Gonzalez strain AChE activity was inhibited to
50% of activity by exposure to coroxon at a con-
centration of 1.39 x 107> M for 4 min. Twice the
amount of coroxon was required to inhibit the
San Roman strain AChE to 50% of activity
(3.53 x 107> M) in 4 min (Fig. 2B).

4. Discussion

Insensitive AChE and metabolic detoxification
mechanisms of resistance to OPs have been dem-
onstrated in many insect species [11,22]. Insensitive
AChE has been considered the principle mecha-
nism of resistance to OP acaricides in B. microplus,
although metabolic detoxification mechanisms
were also implicated [12-14,23-25]. Insensitive
AChE as a mechanism of resistance is usually
accompanied by either an increase in dissociation
constant (Ky), reflecting a reduction of the affinity
of AChE for the pesticide, or a decrease in the
phosphorylation rate (K5) [22]. Alteration of San
Roman strain AChE activity relative to the suscep-
tible strain Gonzalez AChE activity is evidenced
by reduced activity (Vnax), and increased affinity
for substrate (decreased K,,,). Although the affinity
of AChE for coroxon, the substrate in this study,
was increased in the San Roman strain in compar-
ison to the Gonzalez strain, the reduced values of
K, and K; are indicative of a slower rate of enzyme

phosphorylation by coroxon, yielding an AChE
insensitive to the toxic effect of coumaphos. Simi-
lar reductions in V., and K; were also observed
in the San Roman strain when a different substrate
(paraoxon) was used in AChE inhibition assays
[14]. The differences in the rate of inhibition be-
tween the resistant San Roman strain and the sus-
ceptible Gonzalez strain observed in this study
indicate that the resistance to coumaphos, and
possibly other OPs, demonstrated by the San Ro-
man strain is at least partially due to insensitive
AChE.

Although insensitive AChE has been demon-
strated with in vitro enzyme kinetic assays in many
OP-resistant pests, our understanding of the
molecular basis for the altered AChE is very lim-
ited [11]. Genes encoding AChE have been se-
quenced in a number of insect species, and point
mutations of AChE genes that are associated with
OP resistance have been identified only in a few in-
sect species including Drosophila melanogaster,
and the Colorado potato beetle, Leptinotarsa
decemlineata [10,22,26,27]. Although results of
other investigations on AChE inhibition kinetics
provided clear evidence for altered kinetic proper-
ties of AChE in OP-resistant strains of B. micro-
plus [13,14], no point mutations associated with
OP resistance were found in any of three identified
and sequenced putative B. microplus AChE genes
[28-31]. Polymorphism of AChE-encoding genes
and the lack of point mutations associated with
OP resistance also exist in insect species [10]. It
has been suggested that alteration of AChE confir-
mation may occur post-translationally, and such
post-translational modification could lead to
insensitive AChE [10,28]. OP resistance may also
be conferred by increased AChE gene expression
that is unrelated to gene amplification, as demon-
strated in an OP-resistant strain of the greenbug
[32].

Desulfuration of the phophorothionate couma-
phos to the more toxic oxon form (coroxon) is
metabolically facilitated by microsomal oxidases,
such as c¢ytP450s [11,33]. PBO is an inhibitor of
cytP450s, and thus inhibits the bioactivation of
coumaphos. As expected, PBO reduced couma-
phos toxicity in the Gonzalez strain, however,
PBO unexpectedly increased coumaphos toxicity
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in the San Roman strain, yielding a synergism ra-
tio of 3.08. This suggests that, in addition to an
oxidative mechanism that bioactivates couma-
phos, the San Roman strain also possesses a signif-
icant oxidative detoxification mechanism. A
cytP450-based oxidative detoxification mechanism
is further supported by bioassays with coroxon,
the active metabolite of coumaphos, in which
PBO synergized coroxon toxicity at a rate 4.5
times higher in the San Roman strain
(SR =14.26) than in the Gonzalez strain
(SR =3.18). The fact that PBO also synergized
coroxon toxicity in the Gonzalez strain perhaps
indicates the existence of an intrinsic low level
cytP450-based oxidative detoxification mechanism
in the susceptible Gonzalez strain.

It is known that cyzP450s exist in multiple iso-
forms within any organism, including arthropod
species, and each isoform has a potentially narrow
substrate specificity [34]. The role of cytP450-
based oxidative detoxification has been docu-
mented as a major metabolic mechanism of
resistance to pyrethroids in many insect species,
such as housefly, mosquitoes, and the horn fly
[35-37]. It has also been demonstrated in several
insect species that cyrP450s-mediated metabolic
detoxification was responsible for resistance to
OPs [38-41]. The substrate-specific nature of such
cytP450s-mediated detoxification mechanism has
been demonstrated in insects [41,42], and has also
been implicated in B. microplus [6].

The coexistence of the cytP450-based metabolic
detoxification and insensitive AChE mechanisms
in the San Roman strain of B. microplus highlights
the complex nature of coumaphos resistance. It is
possible the synergistic interaction of these two
different resistance mechanisms that accounts for
the highest level of resistance to coumaphos
demonstrated in this tick strain. The finding of
the contribution of the cyzP450-based metabolic
detoxification mechanism in coumaphos resistance
in B. microplus has important implications for the
successful elimination of resistant ticks for the US-
DA’s CFTEP, as well as successful control of cou-
maphos-resistant ticks in Mexico. The role of
cytP450-mediated metabolic detoxification has
been well defined in flies, and PBO has been used
successfully as a synergist of pyrethroid insecti-

cides to control pyrethroid-resistant flies
[35,37,43]. But, it may not be feasible to use PBO
as a synergist of coumaphos to control OP-resis-
tant ticks, as PBO inhibits the bioactivation of
coumaphos in susceptible ticks.
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